Background: Numerous germline genetic variants are associated with prostate cancer risk, but their biologic role is not well understood. One possibility is that these variants influence gene expression in prostate tissue. We therefore examined the association of prostate cancer risk variants with the expression of genes nearby and genome-wide.
Introduction
Numerous germline genetic risk variants have been linked to prostate cancer risk from genome-wide association studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . With the report from the PRACTICAL consortium in 2013, the number of prostate cancer risk variants is now >70 (15), a major step toward uncovering the genetic etiology of prostate cancer. Family and twin studies demonstrate that prostate cancer is highly heritable (16) ; these SNPs explain an ever increasing portion of this underlying heritability, currently about 30% (15) . However, the biologic function of these risk SNPs remains largely unknown given that the majority is located outside of protein coding regions. A critical next step in translating knowledge of identified SNPs to the prevention or treatment of prostate cancer is determining their biologic mechanisms.
One possibility is that the risk variants are expression quantitative trait loci (eQTL), genetic loci that are associated with mRNA transcript levels. Few large studies have both SNP data and prostate tissue for gene expression studies. We recently showed that a prostate cancer risk SNP on chromosome 10q11, rs10993994, was significantly associated with mRNA expression of two nearby genes (17) in prostate tissue. Men with the risk allele had decreased expression of MSMB in both normal prostate and tumor tissue, and increased expression of NCOA4 in normal prostate tissue only. A similar result for MSMB was observed by Lou and colleagues (18) . A study of 12 prostate cancer risk loci found that four acted as eQTLs. In addition to confirming the MSMB and NCOA4 results, NUDT11 was associated with rs5945619 and SLC22A3 was borderline significantly associated with rs9364554 in both tumor and normal tissue, and HNF1B was associated with rs4430796 in normal tissue only (19) . Harries and colleagues observed an association between rs6465657 and expression of nearby LMTK2 (20) , whereas Xu and colleagues found a proxy for rs12653946 to be strongly associated with the expression of nearby IRX4 (21).
Published work has primarily focused on the expression of genes near the risk variants. Although variants may have larger effects on nearby genes, and there is therefore more power to identify these effects, genetic polymorphisms can influence the expression of genes anywhere in the genome. This can happen either directly or downstream in a pathway, such as through a transcription factor (reviewed in ref. 22) . We therefore examined the association of the risk variants with transcriptome-wide expression data in tumor and normal prostate tissue, performing a cis analysis (examining the association of the variants with nearby genes), a trans-analysis (determining the association of the variants with all genes), and a pathway analysis.
Materials and Methods

Study participants
Physicians' Health Study and Health Professionals Follow-up Study. The men in the study are participants in two prospective studies ongoing for more than 25 years: the Physicians' Health Study (PHS) and Health Professionals Follow-up Study (HPFS). PHS began in 1986 as a randomized, double-blind trial of aspirin and b-carotene in the prevention of cardiovascular disease and cancer among 22,071 initially healthy U.S. physicians (23) . The HPFS, an ongoing prospective cohort study on the causes of cancer and heart disease in men, consists of 51,529 U.S. health professionals who were ages 40 to 75 years in 1986 (24) . In both studies, men were excluded if they had any serious medical conditions at baseline including all cancers (except nonmelanoma skin cancer).
The men in this study were diagnosed with incident, histologically confirmed prostate cancer between 1982 and 2004. Participants are followed through regular questionnaires to collect selfreported data on diet, lifestyle behaviors, medical history, and health outcomes, including prostate cancer. All prostate cancer cases in this study were verified through medical record and pathology review. Through this systematic medical record review, we also abstract data on clinical information, including clinical stage and PSA at diagnosis.
The Human Subjects Committee at Partners Healthcare and the Harvard School of Public Health (Boston, MA) approved these studies.
mRNA expression profiling
In both cohorts, we sought to retrieve archival formalin-fixed paraffin embedded (FFPE) specimens. The PHS and HPFS Tumor Cohort includes 2,200 men with prostate cancer for whom we have collected archival radical prostatectomy (RP; 95%) and trans-urethral resection of the prostate (TURP; 5%) specimens.
For a subset of the tumor cohort, we undertook whole-genome gene expression profiling as part of a study designed to identify expression signatures that can differentiate lethal from indolent prostate cancer. We sampled men from the Tumor Cohort using an extreme case design, which includes 116 men who died of their cancer or developed bony or distant metastases and 292 men who lived at least 8 years after prostate cancer diagnosis and were not diagnosed with metastases through 2012. For a subset of these men, we also profiled adjacent normal tissue. To conduct this profiling in FFPE tissues, whole transcriptome amplification was paired with microarray technologies. Briefly, RNA was extracted using the Biomek FxP automated platform with the Agencourt FormaPure FFPE kit (Beckman Coulter). The mRNA was amplified using the WT-Ovation FFPE System V2 (NuGEN), a whole transcriptome amplification system that allows for complete gene expression analysis from archives of FFPE samples known to harbor small and degraded RNA. Using a combination 5 0 and random primer, reverse transcription created a cDNA/mRNA hybrid. The mRNA was subsequently fragmented, creating binding sites for DNA polymerase. Isothermal strand-displacement, using a proprietary DNA/RNA chimeric SPIA primer, amplified the cDNA. The cDNA was then fragmented and labeled with a terminal deoxynucleotidyl transferase covalently linked to biotin to prepare for microarray hybridization. The labeled cDNA was then hybridized to a GeneChip Human Gene 1.0 ST microarray (Affymetrix).
For the expression profiles generated, we regressed out technical variables including mRNA concentration, age of the block, batch (96-well plate), percentage of the probes on the array detectable above the background, log-transformed average background signal, and the median of the perfect match probes for each probe intensity of the raw data. The residuals were then shifted to have the original mean expression values and normalized using the RMA method (25, 26) . We mapped gene names to Affymetrix transcript cluster IDs using the NetAffx annotations as implemented in Bioconductor annotation package pd.hugene.1.0.st.v1; this resulted in 20,254 unique named genes. Gene expression data are available through Gene Expression Omnibus accession number GSE62872.
Risk variant genotypes
The SNPs were genotyped on DNA extracted from whole blood as part of the National Cancer Institute funded Breast and Prostate Cancer Cohort Consortium (BPC3) using the TaqMan assay (Applied Biosystems) at the Harvard School of Public Health (Boston, MA); details on the SNP selection and genotyping are provided in (ref. 27 ). Prostate cancer participants included in the current study are all of European ancestry. To reduce missing data, we combined data for SNPs in very high linkage disequilibrium. For rs12418451, we used genotypes from either rs12418451 or rs10896438 (r 2 ¼ 0.96 in HapMap CEU population); for rs2928679, we used genotypes from either rs2928679 or rs13264338 (r 2 ¼ 0.97); for rs1983891, we used genotypes from either rs1983891 or rs9381080 (r 2 ¼ 1.00); and for rs11672691, we used genotypes from either rs11672691 or rs11673591 (r 2 ¼ 1.00). In addition, eight SNPs from (ref. 27) were not genotyped in PHS, and were therefore excluded from this study due to the reduction in sample size. The average SNP and individual call rate were 95.2% and 95.3%, respectively.
Statistical analysis
There were 264 participants with SNP and tumor tissue expression data; 160 of these cases also had normal prostate tissue expression data. Each SNP (three genotype categories: 0, 1, or 2 copies of the risk allele) was compared with each gene (continuous expression) with a linear model test for trend. This analysis was performed separately for gene expression from prostate tumor and normal prostate tissue. First, a cis analysis was performed, examining the association between each SNP and "nearby" (500 kb up-and downstream) genes. For this more focused analysis, P < 0.05 was considered statistically significant; despite the possibility for false positives using this liberal approach, these are reported to provide candidates for future studies. Next, a genome-wide analysis was performed, examining the association of each SNP with all genes. For this analysis, a Bonferroni corrected P value (P < 2. 
Results
A description of the study participants is provided in Table 1 . Information on the 39 risk SNPs and the frequencies in this population are in Supplementary Table S1 . To examine cis relationships where a larger effect size and therefore more statistical power are expected, we specifically looked at the association of the risk SNPs with the expression of genes within a 1 Mb window (500 kb up-and downstream) around the SNP. In this focused analysis, we considered P < 0.05 to be statistically significant. Several SNPs were associated with the expression of nearby genes in normal and tumor (Table 2) . We observed new associations of SNPs with the genes in which they are located. rs13385191 was significantly associated with C2orf43 in both tumor and normal, rs12621278 with ITGA6 in tumor, and rs2292884 with MLPH in tumor (and borderline significant in normal). Additional novel associations with genes very nearby, where the SNP could be in a regulatory region or in linkage disequilibrium with another SNP within the gene, were also observed: rs7629490 with CHMP2B in tumor, rs17021918 with BMPR1B in tumor (and borderline in normal), rs4242382 with POU5F1B in tumor, rs7127900 with ASCL2 in tumor, rs902774 with KRT79 in normal, rs10896449 with MTL5 in tumor and normal, and several others. Some significant associations observed in tumor that are not significant in normal tissue could be due to the larger number of tumor samples, so we also performed the cis analysis on the subset of the tumor that had normal tissue data available. The associations remained significant or close to significant, even with the smaller sample size for the vast majority (Table 2) . Results for all genes within the 1 Mb windows are reported in Supplementary Table S2 indicating additional associations that were just over the statistically significant threshold, but involve clear prostate cancer candidate genes (e.g., KLK2 (P ¼ 0.07) and KLK3 (P ¼ 0.07) with rs2735839 on chromosome 19 in tumor only). Box plots showing the gene expression levels by genotype for significant associations are presented in Supplementary Data.
We additionally replicated previously reported associations. rs10993994 was associated with MSMB (P ¼ 3.9 Â 10 À7 ), both located on chromosome 10q11, and rs5945619 with NUDT11 (P ¼ 4.6 Â 10 À11 ), both on chromosome Xp11. These associations were also nominally associated in normal tissue (P ¼ 0.0017 and 0.0004, respectively), consistent with previous findings (19) . rs10993994 was associated with NCOA4 in normal tissue with P ¼ 5.7 Â 10
À5
, but was null in tumor (P ¼ 0.64), consistent with a previous finding (19) . We also confirmed other previous findings (20, 21): rs12653946 with IRX4 (in tumor and normal), rs8102476 with PPP1R14A (in tumor and normal), rs6465657 with LMTK2 (in tumor only), and rs5945619 with NUDT10 (in tumor only). However, we did not confirm an association of rs4430796 with HNF1B in normal tissue (P ¼ 0.66; ref. 19) or associations with
We performed a genome-wide ("trans") analysis of the risk SNPs across all transcripts. After Bonferroni correction for the 20,254 tests performed for each SNP, only five results remained statistically significant (P < 2.5 Â 10 À6 ). These include the MSMB and NUDT11 associations in tumor, mentioned above, as well as RBPMS2 (15q22) with rs11672691 (19q13; P ¼ 2.22 Â 10 À6 in tumor). There were two associations in normal tissue: rs1859962 (8q24) with NEFM (8p21; P ¼ 2.22 Â 10 À6 ) and rs1571801 (9q33) with KLHL33 (14q11; P ¼ 1.97 Â 10 À6 ). Associations using a more liberal threshold (FDR q < 0.1) are presented in Supplementary Table S3 . Of note, rs339331 and rs11672691 were each associated with tumor expression of dozens of genes at FDR q < 0.1 Although a risk SNP may not be strongly associated with individual genes, it may influence an entire pathway indirectly by impacting a transcription factor or other regulator of gene processes. After accounting for the 186 pathways tested, nine pathways were significantly (p < 2.7 Â 10 À4 ) associated with rs1512268 in tumor, most likely due to the overlap of several lipid-related genes within these pathways. These results are presented in Table 3 , with all pathways significant with a less stringent threshold (P < 0.001) in Supplementary Table S4 .
Discussion
Prostate cancer is one of the most heritable malignancies. Numerous germline genetic risk variants have been linked to risk; however, their function is often difficult to discern because many lie in intergenic and intronic regions. eQTL studies of these risk loci have been performed, but have primarily focused on genes close to the SNP. We evaluated the association of the risk loci with genes and pathways across the genome in tumor and normal tissue. For the cis-based analysis, in addition to previously reported associations, several novel associations were observed. Many of the associated genes are interesting candidates, including several that are transcription factors (DLX2, IRX4, ASCL2, SP7, DMRTC2). Other novel associations include rs17021981 with BMPR1B, a bone morphogenic protein. Because the primary metastatic site of prostate cancer is bone, this gene could be relevant to progression as well. Though their expression did not vary in LNCaP cell lines following the addition of androgens, Hazelett and colleagues note that BMPR1B, as well as IGF2R and CHMP2B (both associated with nearby risk SNPs in this analysis in tumor), are androgenregulated genes (30) . The association of rs12621278 with the expression of C2orf43 was previously reported in liver cancer. This gene is associated with defective apolipoprotein B-100, which leads to hypercholesteremia (31) . This may suggest a plausible mechanism for further investigation because statin use has been inversely associated with prostate cancer (32) . Although rs1512268 was not associated with any single genes, it was the only SNP significantly associated with pathways in tumor tissue. Many of these pathways were related to lipid metabolism, which may lend additional support to the hypothesis that lipids are involved with cancer development (33) . POU5F1B has previously been associated with gonadoblastoma. Although we observed rs4242382 to be significantly associated with POU5F1B in tumor and borderline significant in normal tissue, Breyer and colleagues Lower or higher in parentheses indicates value in those carrying two copies of the risk allele compared with those carrying zero copies of the risk allele for significant (P < 0.05) associations. b Tumor restricted refers to using only the tumors that have paired normal samples (N ¼ 159). recently found other risk SNPs in the 8q24 region to be associated with POU5F1B expression only in normal tissue (34) . MTL5, found to be reduced in those with the risk allele in both tumor and normal, is a metallothionien-like protein that may be involved with cell growth and differentiation, as well as spermatogenesis. Several other genes, while not quite reaching the P<0.05 threshold, are also interesting candidates, including KLK2 and KLK3 mentioned above, because KLK3 encodes the PSA gene, and NKX3.1 was associated with rs2928679 in normal tissue only with borderline significance (P ¼ 0.06).
When examining all genes, we observed several highly significant associations. Some of these associations suggest excellent candidate genes for prostate cancer, particularly SRD5A1 (steroid 5-a-reductase-1), the target of 5-a-reductase inhibitors, such as finasteride, which was associated with rs339331 in normal tissue (FDR q-value ¼ 0.045). PSCA (prostate stem cell antigen) was associated with rs1859962 in normal tissue (FDR q-value ¼ 0.099); this gene is a cell surface marker that has been found to be upregulated in prostate and other cancers.
We observe different associations for some SNPs in normal and tumor tissue, as others have reported previously. Results in normal may suggest earlier effects of the SNPs and involvement with tumor initiation; these associations could be lost in tumor due to the development of mutations, or the dysregulation of another gene, miRNA, or lncRNA, which then has a larger influence on the expression of these genes. Significant results in tumor only may point toward genes driving continued carcinogenesis; these associations could be masked in normal tissue because the gene expression is tightly regulated by other mechanisms that are lost during tumorigenesis.
Confirming many previously reported associations gives us confidence in our data and our findings. The lack of replication of some previously reported associations could be for several reasons, including limited power, expression technology with differing probe location or splice variants measured, or that the original report was a false positive. Our study does have some limitations that could lead to false negatives. Although this study is large for a gene expression profiling study, the statistical power to detect the small effects anticipated is relatively low. Also, the risk SNPs could affect mRNA expression levels in a transitory way, and we are only able to capture one time point after cancer has already developed. In addition, using a less stringent P value cutoff of 0.05 in the cis analysis may have led to the reporting of some false-positive associations; however, this provides a list of candidates to be confirmed in additional studies. Also, approximately 100 prostate cancer risk SNPs now have been identified; future analysis should not only attempt to confirm the results reported here, but also expand to include the more recently identified SNPs.
The genes and pathways we identified that are associated with the risk SNPs can improve the biologic understanding of prostate cancer development. These genes may additionally help explain the mechanism of epidemiologic results and provide candidates for new treatment or prevention strategies.
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